Abstract: HPLC-DAD coupled with mass spectrometry in the positive ionization mode was applied to study the fragmentation of twelve selected flavonoids. Compounds belonging to all the major subgroups found in common plants, i.e. flavonols, flavones, dihydroflavonols, flavanones and flavanols were studied. Compound standards were injected into the spectrometer and produced characteristic mass spectra. The fragmentation of each compound was studied and it was shown that the dehydration and carbon monoxide losses from the [M+H] + ion by the members of each subgroup produced specific fragments, thus allowing the characterization of the flavonoid subgroups. Moreover, fragments resulting from fission of the C-rings are specific of each subgroup and revealed the substitution pattern of A-and B-rings. In order to verify the identifying efficiency of the positive ionization mode through these characteristic fragmentations, the unknown flavonoids of an Origanum vulgare diethyl ether extract were separated with the HPLC system and the major peaks were successfully identified with the mass spectrometer.
Introduction
Flavonoids are widely distributed phenolic compounds in the plant kingdom. They occur in all parts of plants as complex mixtures of different components. Their structure, consisting of two hydroxy substituted aromatic rings joined by a three carbon link (a C 6 -C 3 -C 6 configuration) renders them hydrogen and electron donors. Thus, they are effective scavengers of free radicals, which are intermediate products of lipid peroxidation, and they slow down oxidation reactions. The antioxidant activity of flavonoids has been studied in lipid substrates, as well as in relation to human health, in particular with regards to retarding the aging of cells and protecting against certain illnesses such as cardiovascular or coronary disease and cancer [1] .
The antioxidant activity of flavonoids is related to their structure (Figure 1 ), especially the hydroxy substitution of the aromatic A-and B-rings and the substitution pattern of the C-ring [2] [3] [4] . According to the structure of the C-ring, five major subgroups are distinguished: flavonols (with a 2,3-double bond, 3-OH and 4-keto groups), flavones (with a 2,3-double bond and 4-keto group), dihydroflavonols or flavanonols (with 3-OH and 4-keto groups), flavanones (with 4-keto groups) and flavanols (with 3-OH groups). It is well known that the polyhydroxy substituted flavonoids commonly found in most plants present the highest antioxidant activity, while the most favorable structural characteristic appears to be the o-di-OH substitution of the B-ring. Free radicals can abstract the two hydroxyl hydrogens of this ring, producing the corresponding inactive quinones. However, the structure of the C-ring plays an important role in this activity; catecholic flavonols with a fully substituted C-ring present significantly higher antioxidant activity than the other members, a feature attributed to regeneration of the catechol moiety [3, 5] . Flavonoids are usually isolated as mixtures from several plants and then tested as antioxidants. The isolation and identification of each compound, as well as the correlation of their structures to the observed activity is often difficult, due to similarities of their structures and polarities. Notable recent advances have been made in both analysis and identification of flavonoids due to the combination of instrumentation such as powerful liquid chromatographs and mass spectrometers. Specific diagnostic fragments of the A-and B-rings have been detected, while the identification of unknown flavonoids can be based additionally on their UV-Vis spectra and the correlation with standard compounds [6] .
The typical UV-Vis spectra of flavonoids include two absorbance bands. Band A lies in the 310-350 nm range for flavones, while for flavonols it is between 350 and 385 nm. Band B, found in the 250-290 nm range, is much the same in all the aforementioned flavonoid subgroups. In flavanones and dihydroflavonols, band A is often reduced to little more than a shoulder at 300-330 nm and band B, in the 277-295 nm range, is the main peak [7] . Consequently, these two subgroups cannot be distinguished by simple UV-Vis analysis. Flavanols show maximum absorbance at non specific wavelengths between 270 and 290 nm, at which many phenolics absorb, thus not allowing their selective detection. According to these data the UV-Vis spectra can be used as an indicative tool for the characterization of C-ring, whereas the MS spectra could provide additional, significant information.
Several researchers have presented results on MS/MS analyses of flavonoid aglycones, but the elaboration of fragmentation data are not adequate to facilitate the identification of the subgroups of the examined compounds. Although losses of small molecules and/or radicals from the [ [8] , the characterization of the structures of the C-rings are usually based on the UV-Vis spectra or the information obtained by spectral libraries and the use of standards, which are not always available.
In the present study a systematic positive ionization mode HPLC-ESI-MS/MS analysis of flavonoids belonging to all the different subgroups was attempted, in order to correlate the fragmentation patterns with the structural characteristics. Typical representatives of each subgroup were selected, including compounds with different hydroxy-substitution patterns on the A-and/or Brings. The data were correlated with the work of other researchers, while fragmentation data of flavonol and taxifolin, which have not been previously reported, are presented here for the first time. The results suggest that the structure of an unknown hydroxy-substituted flavonoid aglycone can be identified by its specific fragmentation pattern combined with molecular weight and UV spectra data. Origanum vulgare, a plant rich in flavonoid antioxidants, was used as a source of flavonoid components for identification to test this hypothesis.
Results and Discussion
A series of standard hydroxy-substituted flavonoids was studied so that the fragmentation patterns of each subgroup could be verified without any additional influences of methoxy groups. Exceptionally hesperetin, a methoxyflavanone, was also used. The structures of the four flavonols (quercetin, fisetin kaempferol, flavonol), three flavones (luteolin, apigenin, chrysin), two flavanones (eriodictyol, hesperetin), two flavanols [(+)-catechin, (-)-epicatechin], and the dihydroflavonol taxifolin that were used, are presented in Figure 2 . (11) (-)-epicatechin (12) Each standard flavonoid was diluted either in acetonitrile-water (1:1) or in isopropanol at a concentration of 4·10 -5 M. The retention times in the HPLC-DAD analysis as well as the UV-Vis characteristics of the studied compounds are presented in Table 1 . The MS/MS analysis in the present study revealed that each subgroup exhibits a characteristic fragmentation behavior, which includes, as far as the protonated molecule is concerned, dehydration, loss of CO and fission of the C-ring. Any unknown flavonoid aglycone can be directly classified as belonging to a particular subgroup (i.e. identification of its C-ring structure), according to the pattern of dehydration and CO losses of both the protonated molecule and produced ions. The relative abundance of these fragments is highly associated with the applied collision energy. If the collision energy is low the main fragment in the MS 2 spectra produced is the [M+H] + , i.e. the protonated molecule cannot be totally fragmented, while the fragments resulting from dehydration and CO losses are negligible. By increasing the collision energy a complete fragmentation of the protonated molecule is obtained. For example, the MS 2 spectra of flavonol for normalized collision energies of 40 % (a) and 45 % (b) are presented in Figure 3 ; obviously, the relative abundance of the fragments produced by the [M+H] + ion increased. The negative ionization mode does not produce characteristic fragments for each flavonoid subgroup as may be deduced from the previously published mass spectra for a series of flavonols, flavones and flavanones [9] [10] [11] [12] [13] . . The existence of the above fragments has been displayed in the mass spectra of kaempferol, galangin, quercetin and myricetin in the work of other researchers, who also collected data in positive-ion mode [10, 11, 14, 15] . We examined flavonols with different number of hydroxy substituents and the results showed that all of The basic fragments produced by C-ring fission of quercetin are presented in Scheme 1. The respective fragments of the four flavonols are listed in Hughes et al. [11] observed the same fragments from naringenin, while 0,4 B + is such a characteristic fragment that has been also observed in prenyl flavanones [22] . The methoxylated flavanone hesperetin exhibited the same fragmentation pattern with eriodictyol. In contrast to the behavior of polymethoxylated flavones the methylation of flavanones (hesperetin compared to eriodictyol) did not affect the fragmentation (Table 2) . Dihydroflavonols (or flavanonols) are isomers of flavanones which display the same UV-Vis spectrum but can be easily distinguished through their mass spectra. We studied taxifolin, which exhibited an initial dehydration of [ [24] and they can distinguish these flavonoids from any other subgroup. (21) 105 (48) 137 (19) 121 (7) - (7) 137 (22) 153 (27) 121 (100) 153 (100) 153 (100) 153 (100) (20) 179 (26) 195 (16) --According to the aforementioned data the fragmentations of the compounds of each flavonoid subgroup are specific and therefore these fragmentations, combined with the molecular weight of the parent ion, the retention times and the UV spectrum can allow the tentative identification of a compound, which can be further verified by the use of suitable standards, when available. To verify this, we have characterized the major flavonoid aglycons of an Origanum vulgare extract, according to the proposed approach, as presented below.
Identification of oregano flavonoid aglycones
The HPLC-DAD analysis of oregano diethyl ether extract lead to the separation of four major peaks and several minor ones, as shown in Figure 4 . Peak A presented a retention time and spectrum similar to taxifolin, while the MS/MS analysis revealed a molecular ion peak and fragmentation identical to that of this compound (Table 3) . Taxifolin was then co-injected with the diethyl ether extract and the HPLC-DAD analysis showed an increase in peak A [25] [26] [27] [28] [29] . + ion (m/z=289) indicated that it could be a trihydroxy-monomethoxy flavanol, a tetrahydroxy flavanone, or a trihydroxy dihydroflavonol. The subgroup fragments (Table 3) defined the compound as a dihydroflavonol. Compound B has less hydroxyls than taxifolin, a fact that renders it less polar, therefore the higher retention time (than taxifolin) appears reasonable. In dihydroflavonols the C-ring fission fragment with the higher relative abundance is the Peak C presented a retention time and spectrum similar to that of eriodictyol ([M+H] + with m/z=289, and a fragmentation pattern identical to eriodictyol). The addition of an internal standard confirmed the identity of component C as eriodictyol [25] [26] [27] [28] [29] [30] . Peak D eluted at 43.5 min and had the typical spectrum of flavanones or dihydroflavonols. Its MS/MS fragmentation was a flavanone type. The protonated molecule (m/z=273) differed from that of eriodictyol by 16 mass units, which indicated a trihydroxy-substitution on the flavanone nucleus. The higher retention time of compound D than eriodictyol is in agreement with the above suggestion. In flavanones the main fragment is the 0,4 B + , therefore m/z=147 (100%) suggested a monohydroxy-Bring. Compound D thus presented a naringenin-type structure i.e. an A-dihydroxy-B-monohydroxyflavanone [28, 29] . The identity of compound D was confirmed to be naringenin by the use of internal standard. According to the reference curves of eriodictyol, taxifolin and naringenin in the HPLC-DAD system, the concentrations of the three flavonoids in the crude extract were found to be 29.5 mg/L, 85.5 mg/L and 67.3 mg/L, respectively, corresponding to 232 mg/kg, 673 mg/kg and 530 mg/kg, based on dry plant material. 
Experimental

Materials
The reference compounds (source, purity) used for the MS fragmentation studies were quercetin dihydrate (Fluka 99%), fisetin hydrate (Aldrich, pure), kaempferol (ItCHEM), flavonol (Sigma), luteolin (Sigma), apigenin (ItCHEM), chrysin (Acros Organics), eriodictyol, naringenin (Extrasynthèse, pure), hesperetin (Sigma), (+)-catechin (Fluka, 98%), (-)-epicatechin (ItChem) and taxifolin (Sigma). Each standard flavonoid was diluted either in 1:1 acetonitrile-water or in isopropanol at a concentration 4·10 -5 M. Origanum vulgare was collected from Agrinio (Greece)
during July.
Extraction of oregano flavonoid aglycones
The dried plant material was ground in a mill (Retch ZM 1, Haan, Germany), equipped with a 0.5 mm sieve. The ground material (127 g) was extracted in a Soxhlet apparatus with petroleum ether, in order to remove the essential oil and the residue was further extracted with diethyl ether to collect the flavonoid aglycone fraction. The diethyl ether extract was diluted to approximately 0.9 L with the corresponding solvent, filtered and further diluted to 1 L.
HPLC-DAD Analysis
The HPLC-DAD method proposed by Merken [31] was used for both standard compounds and the fractions obtained by diethyl ether extraction. The HPLC apparatus consisted of an HP 1100 gradient pump and a diode array detector (Hewlett-Packard, Waldbronn, Germany). A Hypersil C 18 
MS/MS Analysis
Each standard compound or separated peak was injected with an ESI source into the mass spectrometer (LCQ-Deca, Thermo-Finnigan, San Jose, USA). The capillary temperature was 200 o C and the capillary voltage 3.5 kV. All data were collected as positive-ion spectra while the MS was performing a full mass scan over the 50-750 range of ; a MS/MS (MS 2 ) of the most abundant ions was obtained using normalized collision energies of 35 % for flavanones and dihydroflavonols, 45 % for flavonols and 55 % for flavones.
